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reporter genes and suppresses recombination betweenSandra N. Garcia and Lorraine Pillus
the approximately 150 homologous repeat units. TheseDepartment of Biology
functions are consistent with Sir2's localization by im-University of California, San Diego
munofluorescence and cross-linking studies to both theLa Jolla, California 92093-0347
nucleolus and to telomeres (summarized in Gotta et al.,
1997). At each silenced locus, Sir2 may participate in
discrete chromatin complexes, although there is no evi-The nucleolus was one of the first subnuclear elements
dence that it directly contacts DNA. How Sir2 arrives inobserved by early microscopists, yet in the centuries
the nucleolus and what the broader significance for thatsince its discovery, ideas about its significance have
localization is are open questions that have now beenranged from dismissal as a cytological artifact to intense
addressed through the discovery of new mitotic andfocus on it as a dedicated site for ribosome biogenesis.
meiotic regulatory proteins and the placement of a pre-A spate of new studies define mitotic and meiotic roles
viously defined cell cycle control protein in close nucleo-for the nucleolus in cell cycle control and gene regula-
lar proximity.tion. These emerging views of expanded functions for
New Nucleolar Tenants with Roles in Cellthe nucleolus come from evidence that it serves as a
Cycle Controlprivileged site for both recruitment and exclusion of
Starting from an interest in Sir2-interacting proteins,regulatory complexes. Among the molecules participat-
Straight and colleagues (1999) identified the proteining are newly identified proteins that function in control-
Net1 by affinity chromatography. By happy coincidence,ling exit from mitosis (Shou et al., 1999; Straight et al.,
Net1 had also been identified independently in a screen1999; Visintin et al., 1999) and that regulate the meiotic
for silencing factors (Andrulis and Sternglanz, cited atpachytene arrest checkpoint (San-Segundo and Roeder,
http://genome-www.stanford.edu/Saccharomyces/) and1999).
as a component of a nucleolar complex that regulatesEstablished Occupants of the Nucleolus
exit from mitosis (Shou et al., 1999; named Cfi1 in VisintinDefinition of the nucleolus as the site of rDNA transcrip-
et al., 1999). A perhaps surprising part of this coinci-tion and ribosome biogenesis is well established, and
dence is that Shou et al. began by looking for mutantsmany studies support the idea that these two processes
that bypassed the requirement for the protein kinasethemselves are responsible for nucleolar architecture
Cdc15, and Visintin et al. sought proteins that interacted(MeÂ leÁ se and Xue, 1995). Additional nucleolar functions
with Cdc14, a dual specificity protein phosphatase.have been recognized to include other RNA modification
These are two of a group of at least seven essentialand finishing steps, not only of rRNA, but also pro-
proteins defining a mitotic exit network (summarizedcessing of tRNA and the signal recognition particle RNA,
in Shou et al., 1999). They function in addition to theand perhaps even processing of telomerase RNA (Smith
reasonably well-defined anaphase-promoting complex/
and Steitz, 1997; Pederson, 1998a). Nucleoli are mor-
cyclosome (APC/C) that programs ubiquitin-mediated
phologically diverse, varying in appearance, number,
degradation of the cyclin-dependent kinase activity of
and size depending on cell type as well as position in Cdc28.
the cell cycle and status of rDNA transcription (Shaw Using well-loved yeast genetic tricks, net1 mutants
and Jordan, 1995). A number of nonribosomal proteins were observed to suppress mutation of CDC15 and sev-
localize to the nucleolus, and although their functions eral other members of the exit network as well. This
are not well understood, it is likely that they contribute suppression apparently works by restoring appropriate
to features that are clinically important for staging a degradation and accumulation of two regulators (Clb2
variety of neoplasms. and Sic1, respectively) whose levels are reciprocally
In budding yeast, a hallmark of the nucleolus is its modulated in the course of mitotic exit (Shou et al., 1999;
relative simplicity. As in mammalian cells, ultrastructural Visintin et al., 1999). The proteolytic angle on this story
studies reveal the nucleolus to be relatively electron is reviewed elsewhere (Bachant and Elledge, 1999;
dense. In normal yeast, it exists as a single crescent- Koepp et al., 1999).
shaped structure, occupying up to one-third of the nu- Epitope-tagged Net1 was used as an immunoaffinity
cleus. Unlike nucleoli from multicellular organisms, nu- hook that captured Cdc14, Sir2, and Nan1 as interacting
cleolar subcompartments have not been obvious in proteins (Shou et al., 1999). Tagged versions of the pro-
yeast and the structure remains intact during mitosis, teins were used to show that Net1 coprecipitates Cdc14
ultimately being separated along the mitotic spindle dur- (Shou et al., 1999; Visintin et al., 1999) and Sir2, but
ing late stages of division. Recent studies also distin- that Cdc14 and Sir2 interactions are dependent on Net1
guish the yeast nucleolus as a major site of occupancy (Shou et al., 1999). Nan1 interactions are not yet defined,
for the Sir2 protein. With its genetic cohorts SIR1, SIR3, but it is essential for viability. Immunofluorescence local-
and SIR4, SIR2 was first identified by mutations resulting ization places all four proteins within the nucleolus, and
in inappropriate transcription from the silent mating- chromatin immunoprecipitation assays confirm nucleo-
type loci. Reporter genes at telomere-proximal locations lar residence of Net1, Cdc14, and Sir2p (Shou et al.,
are also silenced, but SIR2 is set apart from the other 1999; Straight et al., 1999; Visintin et al., 1999). These
silent information regulators by its additional role within three proteins have been dubbed the RENT (regulator
of nucleolar silencing and telophase) complex (Shou etthe repetitive rDNA of the nucleolus. Here, Sir2 silences
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Figure 1. Nucleolar Sequestration and Re-
lease of the Cdc14 Protein Phosphatase Are
Important for Regulating Exit from Mitosis
Papers described here place Cdc14, Net1,
and Nan1 in the nucleolus. Sir2 had been
shown previously to reside and function
within the nucleolus and at telomeric foci.
Both Sir2 and Cdc14, a member of the mitotic
exit network of proteins, localize to the nucle-
olus in a Net1-dependent manner. Exit net-
work proteins, including Tem1, Cdc5, Cdc15,
and Dbf20/2, are needed to release Cdc14
from the nucleolus, setting into motion events
necessary for successful completion of telo-
phase and mitosis. Dynamic localization of
these and other exit network proteins (listed)
is not fully established. Nan1, another newly
identified nucleolar protein, also interacts
with Net1, but its essential function is un-
known.
al., 1999); whether they form a true quaternary complex accumulation and dispersion of Cdc14 is key to suc-
cessful completion of the cell cycle (Shou et al., 1999;with Nan1 or distinct ternary and binary complexes will
be important to establish through biochemical ap- Visintin et al., 1999). In interphase cells, Net1, Cdc14,
Nan1, and Sir2 are all in the nucleolus, with additionalproaches. It remains possible, for example, that Net1
serves as a multivalent nucleolar tether, participating in Sir2 in telomeric clusters (see Figure 1). During ana-
phase, Cdc14 is released from the nucleolus to fill theseveral independent molecular pairings. In this case,
Net1's interactions with Cdc14 and Sir2 might be func- nucleus and to some extent appears to enter the cyto-
plasm. Cdc14's localization to the nucleolus is depen-tionally distinct from those with Nan1 or other binding
partners. dent on Net1, but not Sir2, and its release is likewise
dependent on several members of the mitotic exit net-NET1 is not an essential gene, but net1 mutant cells
are quite sickly and slow growing. Whether mutations work. These dynamic localizations are confirmed by
chromatin immunoprecipitations (Straight et al., 1999).in CDC14, CDC15, or other mitotic exit genes may recip-
rocally suppress some of this sickness will be interesting Furthermore, the genetic suppression noted above may
now be understood in molecular terms: the need for theto determine. Gross overexpression of NET1 is lethal:
cells accumulate in telophase with inappropriate levels exit network gene TEM1 that is required for releasing
Cdc14 from the nucleolus can be bypassed if Cdc14'sof the Clb2 and Sic1 cell cycle regulators, mirroring loss
of Cdc14 function (Visintin et al., 1999). Together these nucleolar tether, Net1, is disrupted (Shou et al., 1999).
Whether initial tethering and subsequent release eventsoverexpression and mutant analyses of Net1 are for-
mally consistent with it acting as a negative regulator of are mediated through controlled catalytic processes or
whether there are distinct molecular chauffeurs forCdc14. But how might that work? Two approachesÐone
biochemical, one cell biologicalÐbegin to address the Cdc14 transport remains unknown. Members of the mi-
totic exit network might serve such a role, potentially inquestion.
In the biochemical approach, Shou et al. (1999) con- concert with Sir2, which is also tethered by Net1 and
dispersed in anaphase (Straight et al., 1999). In contrast,sider the possibility that Net1 itself inhibits Cdc14's
phosphatase activity. Using an immunopurifed Net1 Net1 remains in the nucleolus throughout the cell cycle
(Shou et al., 1999; Visintin et al., 1999). Together then, itcomplex, in which endogenous Cdc14 activity was mini-
mized by sodium orthovanadate but which presumably appears that nucleolar sequestration and appropriately
timed release of Cdc14 into the nucleus and cytoplasmstill contained normal stoichiometries of Sir2 and Nan1,
the activity of recombinant Cdc14 could be inhibited 50- ensure regulated access of Cdc14 to its substrates. It
is Cdc14's phosphatase activity functioning in three dis-fold. Whether this inhibitory effect is due directly to Net1
will be especially interesting to determine, because it tinct processes that ultimately triggers destruction of B
type cyclins and exit from mitosis (reviewed in Koeppmay be influenced by Sir2 or Nan1 as well. Asking the
same question with recombinant Net1 or with Net1 im- et al., 1999).
Moving into Meiosismunoprecipitated from a sir2 null mutant strain could
resolve this question. An intriguing twist is that Net1 So far, this has been a satisfying story that goes some
way toward explaining the end of mitosis, particularly initself appears to be a potential substrate for Cdc14's
activity in vivo. How Net1's phosphorylation state influ- the context of Cdc14 and the newly discovered nucleolar
component Net1. But the generality of mechanisms ofences its function, and whether Net1 function is cell
cycle modulated is not yet known, but it is possible that nucleolar control is likely to be even greater, as evi-
denced by results in which Sir2 provides a thread ofthere may be intertwined regulation of Cdc14 and Net1.
In the cell biological approach, localization by immu- continuity.
San-Segundo and Roeder (1999) set out to identifynofluorescence or GFP fusions revealed that regulated
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Figure 2. Proper Retention and Exclusion of
Proteins from the Nucleolus Are Disrupted in
Mutants of the Pachytene Checkpoint
Pch2 and Sir2 are proteins important for this
checkpoint, which is triggered if meiotic re-
combination or synaptonemal complex for-
mation is defective. Localization of both Sir2
and Pch2 to the nucleolus is crucial for their
checkpoint function, since in the absence of
Sir2, Pch2 is dispersed from the nucleolus
and checkpoint control is lost. Whether Net1
controls meiotic localization of Sir2 (and
Pch2) is not yet known. In sir2 or pch2 mu-
tants, Hop1 moves into the nucleolus, re-
sulting in increased rDNA recombination and
possible disruption of recombination else-
where in the genome. In addition to the nucle-
olus, a pool of Pch2 localizes to homologs in
association with Zip1, a protein of the synap-
tonemal complex. Zip1 is not shown for sim-
plicity, but in sir2 mutants, note that the non-
nucleolar localization of Pch2 remains intact.
genes that, like mitotic checkpoints, are important for Returning to the building case for the significance of
nucleolar localization, the picture now enlarges. Not onlymonitoring appropriate progression through meiosis. In
this case, if recombination or chromosome synapsis is does the nucleolar recruitment of Pch2 and Sir2 appear
critical for meiosis and the pachytene checkpoint, butdefective or incomplete, cells will arrest at the pachytene
stage of meiotic prophase, akin to arrests that occur in when the nucleolus is vacated by either protein, the
normally excluded Hop1 protein enters. Because Hop1mitosis if DNA is damaged or synthesis is incomplete.
By looking for mutants that failed in the pachytene ordinarily promotes interaction between chromosomal
homologs, its nucleolar exclusion may be key to thecheckpoint arrest, four genes were identified. These in-
cluded RAD24 and DCC1, two genes previously known suppression of meiotic rDNA recombination that is lost
in sir2 and pch2 mutants. This is reminiscent of a situa-for their DNA damage checkpoint functions. A third
gene, PCH2 (for pachytene checkpoint), had no appar- tion in mitotic cells: when SIR4 is disrupted, SIR3 sneaks
into the nucleolus and rDNA transcriptional silencingent mitotic functions, but it is required for the pachytene
checkpoint and is expressed specifically in meiosis. is strengthened (Gotta et al., 1997; Smith and Boeke,
1997).In pch2 mutants, elevated levels of recombination in
the rDNA were observed, a property shared with sir2 What Else Might Be in (or out of) the Nucleolus?
The studies recapped here strengthen the view that pro-mutants, as noted above. In sir2 cells, these effects are
observed both mitotically and meiotically, whereas the teins with no suspected role in ribosome biogenesis
or RNA processing can reside in the nucleolus. Theirpch2 effect is restricted to meiosis. These results
prompted San-Segundo and Roeder to test directly sequestration and the potential exclusion of other pro-
teins may be key for multiple aspects of cell cycle andwhether sir2 mutants were defective in the pachytene
checkpoint. In fact, they are defective, a property not transcriptional regulation. Such orchestration of reten-
tion and exclusion may provide the means for rapidshared by sir3 or sir4 mutants, and thus SIR2's pachy-
tene function further distinguishes it from the other SIR cellular responses that could be independent of direct
interaction with transcriptional and translational regula-genes.
At this point, even the casual reader might predict tory circuits. Are there other candidates for such control
suggested by the current studies?that Pch2 is a nucleolar protein (see Figure 2). Indeed
it is, but nucleolar localization appears only when chro- In the case of the mitotic exit network, clear localiza-
tion of other genetically implicated proteins will be im-mosome condensation is nearly complete, as confirmed
by colocalization with the known nucleolar protein Nsr1. portant (see Figure 1). Are they in or out? Is the protein
Nan1 dynamically localized, and what might its essentialAdditional small punctate regions of Pch2 are found
along synapsed chromosomes, colocalizing with Zip1, function be? For Cdc14, a nucleolar role had previously
been suggested because in cdc14 mutants nucleolara major component of the synaptonemal complex that
holds chromosomal homologs together during pachy- segregation appears aberrant (Granot and Snyder,
1991), but the nature of such a normal nucleolar functiontene but which is not itself in the nucleolus. In zip1
mutants, Pch2 is found only in the nucleolus. Strikingly, is not known. Further, in net1 mutants, the major nucleo-
lar antigen Nop1 appears dispersed (Straight et al.,localization of Pch2 to the nucleolus, but not to the
chromosomal foci, is absolutely dependent on Sir2. 1999). Does this indicate true disruption of nucleolar
integrity or simple loss of tethering? In situ hybridizationHere, then, Sir2 appears to be the recruiting or tethering
factor, because its meiotic nucleolar localization is inde- studies of rDNA should answer this question and help
determine whether Net1 is a general structural tether ofpendent of Pch2.
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nucleolar proteins. Indeed, it is not yet known whether have been established for the mitotic exit network. A
Net1 binds rDNA directly or is localized to the nucleolus number of other recent reports also place mammalian
through other protein±protein interactions. growth factors in the nucleolus (reviewed in Pederson,
Nucleolar targeting and accumulation sequences seem 1998b). Furthermore, nucleolar localization of the tumor
complex and are likely to be combinatorial (MeÂ leÁ se and suppressor protein p19ARF, with concomitant sequestra-
Xue, 1995). It is noteworthy that among the proteins tion of the p53 inhibitor Mdm2, is disrupted by tumor
described here, we observe that Net1 has quite convinc- associated mutations and may be key for p53 activation
ing serine/acidic patches that contribute to nucleolar (Weber et al., 1999; Zhang and Xiong, 1999). It thus
accumulation of other proteins, such as Nsr1 (reviewed seems likely that increasing appreciation of the nucleo-
in MeÂ leÁ se and Xue, 1995). Net1 is especially closely lus and elements of subnuclear localization will lead
related to Tof2, a protein identified as a topoisomerase-I to even better understanding of biological regulatory
interacting factor (Park and Sternglanz, 1999). These mechanisms.
proteins share greatest similarity in their N-terminal se-
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In recent years, evocative social metaphors have
tagged the nucleolus as a ribosome ªfactoryº and telo-
meres and heterochromatin as ªbad neighborhoodsº for
gene expression. These new studies, demonstrating the
convergence of silencing and nucleolar proteins, instead
support the idea that the nucleolus and other silenced
or heterochromatic regions of the nucleus may in fact
be privileged regulatory sites. This point is further devel-
oped by considering potential mechanisms of cellular
aging (reviewed in Sinclair et al., 1998) and data about
recombination and repair proteins in the context of telo-
meres (see the minireview by Haber in this issue of Cell).
How generally this view extends beyond yeast nuclei
and nucleoli is being sorted out in especially interesting
directions. Already, some clear parallels in vertebrates
